Abstract -Congestive heart failure (CHF) is one of the main causes of death. This paper reviews recent efforts on the design and development of a portable microwave imaging system for heart failure detection and monitoring. The system employs an antenna array integrated with a compact microwave transceiver and rapid data acquisition tool to obtain microwave images that enable the early detection of heart failure in a timely fashion. Because of its low-cost, non-ionizing, non-invasive and nonhazardous properties, it can be used frequently for monitoring, thus providing a significant advantage over conventional equipment such as X-ray or MRI. Furthermore, its portable design enables the widespread use of the technology for immediate diagnosis.
I. INTRODUCTION
Recent efforts by the microwave imaging community aim at designing and developing a portable microwave imaging system as a safe, low-cost and reliable addition to the current suite of imaging technologies used in the early identification of congestive heart failure (CHF) [1] - [6] . Since such a system is non-ionizing and non-invasive, it can be used frequently as a monitoring tool, thus providing a notable advantage over conventional equipment.
CHF occurs when the heart cannot maintain an adequate circulation of blood around the body, resulting in the accumulation of fluid in the lungs [7] . This fluid accumulation causes a significant variation in the electrical properties of the lungs. A microwave system can provide a compact technological solution for detecting and monitoring such fluid accumulation via microwave imaging. It can be designed to display an image of the distribution of the electrical properties within the lungs, and to consequently detect any variation from the normal properties. In one of the design options, the system may consist of an array of electronically-switched antennas, which are conformal to the subject's torso at the back side, and a compact microwave transceiver operating across the utilized frequency range, which can cover the band 0.5 -1 GHz [8] - [9] , with a safe power level of only a fraction of a milliwatt. The operation of the system is controlled using a suitable computer or tablet via an interface unit.
To get accurate imaging results, the system can use the differential technique to obtain microwave images of the torso area. Based on these images, any changes in the properties of the lungs caused by fluid accumulation can be detected. Since fluid accumulation typically starts at the lower part of the lungs, the simultaneous vertical scanning of both lungs can provide a fast and accurate method of detecting any fluid accumulation that would suggest the onset of CHF. Due to its design, the system might also be used to inherently monitor vital signs such as heartbeat and respiration during the imaging and detection process.
By virtue of its low-cost and portability, a microwave CHF detection system can provide a technology platform that is easy to use and offers a significant complement to the existing diagnostic technologies, such as cardiac catheterization, magnetic resonance imaging (MRI) and X-rays. Because of its non-ionizing, non-invasive and non-hazardous properties, the proposed technology can be used frequently as a monitoring tool, thus providing a significant advantage over traditional tools and paving the way for broader applications of the technology. In this paper, the state of the art in this topic and future challenges are explained.
II. DIAGNOSIS OF CHF
Many, if not all countries face the growing cost of healthcare due to the increased demand for high quality healthcare by a wider population, and the growing aging population that requires frequent medical checkups and prolonged monitoring of chronic illnesses. As a result, there has been increased interest in more readily-available medical equipment that can provide results that are of similar quality to the conventional diagnostic apparatus offered by major medical centers and hospitals, but which are portable and have a low-cost. Moreover, the required tools should be safe enough to allow their frequent use for monitoring purposes. Microwave-based diagnostic techniques can address some of those needs as they are low-cost, portable and safe systems.
The heart is fundamentally a blood pump that works together with the lungs. It pumps blood from the right side of the heart to the lungs to pick up oxygen. The oxygenated blood then returns from the lungs to the left side of the heart. The left side of the heart then pumps blood into the circulatory system of blood vessels that carry the blood throughout the body. Congestive heart failure is an illness in which the pumping action of the heart becomes less powerful resulting in the increase in the pressure in blood vessels and resulting in 978-1-4799-5447-6/14/$31.00 ©2014 IEEE the accumulation of fluids, mainly water, in body tissues, most prominently in the lungs.
The early detection of CHF requires routine monitoring of cardiac functions. The standard diagnostic tools for CHF, such as cardiac catheterization, and multiple-gated acquisition scanning, are invasive, while other non-invasive diagnostic techniques, such as MRI and X-rays, are expensive and cumbersome. Moreover, X-rays cannot be used as a frequent monitoring tool due to the danger of high radiation exposure. The shortcomings of those tools introduce a strong motivation to build a portable microwave-based system. This research direction represents an extension of the current research activities of UQ's microwave research group, which focuses on using microwave techniques operating in the bands of 3 -10 GHz and 1 -3 GHz for the early detection of breast cancer and for head imaging, respectively [10] - [15] .
III. UQ'S MICROWAVE SYSTEM FOR CHF DETECTION
The accumulation of fluids in the lungs can be detected using tomography or radar techniques. Applying either imaging method introduces challenges. Despite the theoretical possibility of achieving high resolution, the use of microwave signals in the high frequency range of 3 -10 GHz, such as in ultra-wideband breast cancer detection, is not suitable for CHF detection because the signals lack the required penetration of the human torso at the allowable microwave power. As a result, the use of microwave signals in the low frequency range of 0.5 -1 GHz was shown to be a reasonable compromise between the required torso penetration and resolution [9] . A positive attribute of this choice is a significantly higher dielectric contrast of the imaged targets in this frequency range, and thus a higher sensitivity of the active microwave techniques, compared with using higher frequencies. Also, in this frequency range the microwave components required to build the proposed systems have a lower cost and are less sensitive to dimensional tolerances. However, the frequency reduction introduces a significant challenge to the design of compact antenna elements and arrays.
Several types of wideband antennas have recently been suggested for this application [1] , [4] . The main features of those antennas are the compact size, directional radiation and high radiation efficiency. Those features are achieved by using a properly design three-dimensional structure. Because microwave imaging takes place in the near-field region, special attention is paid to prevent the antennas from masking the presence of targets.
Fast data acquisition is of paramount importance to obtaining high quality images which should not be influenced by any random motion of patients. This can be realized using a fast electronic scan achieved in the final future design with switched antenna arrays. The required switches should offer excellent performance in terms of insertion losses and isolation in the 0.5 -1 GHz frequency band. To control the switches and collect the data from the transceiver module in a timely manner, it is possible to use the virtual instrument software architecture (VISA): a standard for configuring and programming instrumentation via a variety of buses such as GPIB, RS232, Ethernet and USB. The data can be collected and stored on the computer or tablet via an Ethernet network which takes no more than a few seconds. The switches are toggled by a USB interface controlled by the microwave imaging software.
To make the whole system portable, a compact microwave transceiver is needed. To that end, the microwave transceiver Agilent N7081A is used to produce the required microwave signals at the selected band. It is also used to capture reflected signals, convert them to digital data and send them to the computing tool via a USB connection. This transceiver has a functionality that is similar to the conventional, but costly, vector network analyser. Moreover, it is compact and can be easily connected to a laptop for automated testing of a portable system. The frequency range of the transceiver is from 0.1 to 4 GHz with around 80 dB of dynamic range. In the system developed at the University of Queensland (UQ), the device is used to gather the frequency dependent scattering parameters over the operating frequency band from 0.5 GHz to 1 GHz, rendering UQ's microwave imaging systems fully integrated and portable.
Using the microwave transceiver, full transmission data between different pairs of antenna elements, as used in tomography or multi-static radar, can be obtained. In this stage, a preference is given to the radar approach because of the simplicity of the data processing and image formation. During CHF, fluid usually starts to accumulate in the lower part of the lungs, therefore a combination of various antenna array configurations and differential pre-processing approaches are explored to reduce background effects and thus enhance the sensitivity of the target detection. In the future development of UQ's system, two vertical antenna arrays facing the lungs from the backside might be used, and differential signals from each of the arrays are collected and analyzed.
IV. RESULTS
The complete UQ's experimental setup is depicted in Fig. 1 . To test the capability of the designed system and imaging procedure to detect water inside the torso, an artificial human torso is used. A small amount of water is inserted and located inside the torso phantom model. An antenna array is then used to transmit/capture the microwave signals. Subsequently, a differential post-processing method is applied to get the 2-D image.
The obtained images are shown in Fig. 2 for two different locations of the water. The rectangles show the exact location of the inserted water. It is clear that the obtained images have the strongest scatterer at the location of the inserted water.
Moving forward, the developed system needs to be improved. For example, an array of antennas should be used to capture the data simultaneously to avoid the effect of the subject's movement on the results. Moreover, a threshold to differentiate between the healthy and non-healthy cases is to be found. That threshold might depend on the utilized antennas and their distance from the human body. It may also depend on the subject's boy structure. Thus, huge efforts are still needed in the system's design and its processing algorithms to make the system ready for pre-clinical trials. 
V. CONCLUSION
Recent efforts have indicated the feasibility of using microwave techniques for the early detection and subsequent monitoring of congestive heart failure using the low microwave frequency band (0.5-1 GHz). To be close to preclinical trial status, future efforts should focus not only on improving the hardware, but also, and most importantly on the utilized pre-and post-processing techniques or finding other alternatives to produce reliable images.
